Fundamental physical behaviors of materials at the nanoscale level are crucial when local aspects govern the macroscale performance of nanocomposites, e.g., interface and surface phenomena. Because of the increasing interest in biopolymer nanocomposite coatings for many different applications (e.g., optical devices, displays/screens, and packaging), this work investigates the potential of nanoindentation as a method for clarifying the interplay between distinct phases (i.e., organic and inorganic) at local level in thin biopolymer films loaded with nanoparticles. The nanomechanical features of pullulan nanocomposite coatings laid on polyethylene terephthalate (PET) were quantified in terms of elastic modulus (E), hardness (H), and creep (C) through an instrumented indentation test composed of a loading-holding-unloading cycle. Colloidal silica (CS) and cellulose nanocrystals (CNCs) were used as spherical and rod-like nanoparticles, respectively.
Introduction
The progress in indentation testing over the past thirty years has allowed indentation to be routinely performed on "nano" scales [1] . Nanoindentation, also referred to as "depth-sensing indentation" (DSI), is nowadays a widely applied technique for the measurement of the mechanical properties and behavior of material surfaces in the nanoscale range. After metals and ceramics, the application of instrumented indentation techniques to nontraditional materials such as polymers and biological materials has rapidly increased in the last decade [2] . Hardness and elastic modulus are the main properties derived from a nanoindentation experiment. However, a variety of additional physico-mechanical information can be gathered, including creep parameters, fracture toughness, and residual stresses [3] . Recent progress in instrument engineering has made it possible to achieve unprecedented performance in current apparatuses, overcoming previous bottlenecks, such as timeconsuming experiments and extensive calibration procedures [4] . For this reason, nanoindentation now finds wide application not only in academia and research laboratories but also for quality control in mass production industries, such as semiconductors, aerospace, micro electro-mechanical systems (MEMS), monitors, optoelectronics, and, more recently, biological materials and food products [3] .
The most attractive feature of nanoindentation is its capability to provide detailed information from a high local deformation (most used indenter tips have an area of approximately 0.0032 μm 2 ) [5] , which is of great importance for systems with limited dimensionality, e.g., thin films and coatings [6] . With the continuously emerging nanotechnologies in polymer manufacturing and processing, nanoindentation has also become a necessary tool for the characterization of nanostructured and nanocomposite polymeric materials. Not only does nanoindentation permit identification of transition zones between phases in heterogeneous materials, but it has also been proven to be a valuable technique to investigate filler content and size [7] , filler dispersion [8] , and, in particular, adhesion at the nanofiller-polymer matrix interface at very low sensitivity ranges [9] .
Moreover, the interest in the synthesis of biomimetic materials (e.g., synthetic skins [10] , artificial cell systems [11] , and nanotextured implants [12] and functional particles [13] ) has demonstrated nanoindentation as the ideal method for probing local gradients and heterogeneities in natural materials and for examining their hierarchical and multiscale organization. Nanoindentation can therefore be expected to be a very useful method in the evolving field of bio-based polymer nanocomposite systems that serve to replace oil-based polymers with polymers partially or totally obtained from renewable resources because these systems often exhibit novel unexplored material interactions at the surface of the nanophase. Within the field of biopolymer-based systems, the development of biocomposite thin films and coatings incorporating nanobuilding blocks (NBBs) has dramatically increased in recent years. In particular, the deposition of high-performance bionanocomposite coatings on plastic films is emerging in different fields (e.g., optical devices, displays and screens, and food packaging) to achieve extra benefits over conventional fillers while fulfilling recent trends toward "green" strategies [14, 15] . In these systems, the properties of the nanocomposite layer depend largely on the interaction between the matrix and the filler [16] . Lack of affinity at the interface between the two phases (biopolymer network and nanofiller) can possibly arise for a number of reasons, such as chemical heterogeneity, thermodynamic incompatibility, physical hindrance, molecular arrangements, etc. These can eventually lead to diverse undesirable phenomena, e.g., interfacial de-bonding, phase segregation, filler aggregation/re-agglomeration, and increase in void content, which may in turn dramatically affect the material's performance in terms of permeability of gases and vapors (increase in the diffusion coefficient) [17] , mechanical integrity (crack formation and propagation) [18] , optical properties (scattering centers) [19] , dielectric performance (charge accumulation) [20] , and thermal stability [21] . Therefore, the design of nanocomposite coatings would benefit from a fast and robust technique that enables the quantitative description of the mechanical performance on a nanoscale. However, to achieve this goal, it is crucial to prevent any potential influence of the supporting substrate, which might happen especially when thin and soft matters (e.g., most biopolymer coatings) with viscoelastic behavior are deposited on stiffer substrates, such as plastic films. Making sure to obtain reliable information uniquely related to the coating alone in nanoindentation experiments is thus indispensable to avoid misleading results and misinterpretation of the coatings' performance.
In this work, we report for the first time on nanoindentation experiments on biopolymer nanocomposite coatings on a plastic film in an attempt to quantitatively assess the suitability of this technique for this special case of double-layered systems (i.e., flexible plastic substrate and thin biopolymer nanocomposite coating). More specifically, pullulan was used as a biopolymer phase due to its striking features in terms of high flexibility and optical properties, which are due to its fully amorphous organization [22, 23] . Because of its uncharged nature, pullulan is able to interact with polar counterparts (e.g., particles, polymers, etc.) bearing a positive, negative, or neutral charge through ion-dipole and dipole-dipole (e.g., hydrogen bond) interactions. In addition, pullulan aqueous solutions are stable over a broad range of pH, thus expanding the possibility to use this biopolymer in different media. Colloidal silica (CS) and cellulose nanocrystals (CNCs) were used as representative spherical and rod-like NBBs, respectively. Both particles find widespread use for many different applications as nanoscale reinforcing fillers [24, 25] . CS is used in papermaking, packaging, construction, electronics, photography, metal casting, and in the production of paints, beverages, and polishes [26] , especially due to its optical (transparency and refractive index), mechanical (scratch resistance), and thermal properties [27] . For example, addition of the silica nanoparticle to the low-k organic thermosets has been demonstrated to enhance both the modulus and the hardness while reducing the coefficient of thermal expansion of the resultant transparent nanocomposite thin films [28] . Since the last decade, the interest in CNCs has dramatically increased for a number of applications relevant to the fields of material science and biomedical engineering due to its renewable nature, anisotropic shape, remarkable mechanical properties, good biocompatibility, tailorable surface chemistry, and excellent optical properties [29] . CNCs have been used to obtain transparent films, flexible displays, biomedical implants, fibers and textiles, separation membranes, batteries, supercapacitors, and electroactive polymers [30] . Recently, nanocellulose has been shown to have great potential to produce flexible, transparent, smooth, and thermally stable substrates for printed electronics [31] . Polyetylene terephthalate (PET) film was used in this work as a plastic substrate because of its widespread use, e.g., for the manufacturing of flexible thin film cells for photovoltaic panels and as a first-choice material for a number of food and pharmaceutical packaging applications.
Here, we demonstrate that nanoindentation can be advantageously used for the nanomechanical characterization of thin coatings laid on a plastic film, enabling discrimination between the contribution of substrate and coating on the mechanical parameters for specific loading regimes. In addition, nanoindentation provides clear evidence of the reinforcing effect of NBBs on a local scale, while simultaneously allowing the identification of nanofiller types in a reliable fashion.
Theoretical background
In a typical nanoindentation experiment, a "loading-holding-unloading" cycle is carried out and a "loading vs. depth" plot obtained ( Fig. 1a ). Three-sided pyramid indenters (e.g., Berkovich identers) find wide application due to geometrical reasons (e.g., self-similarity) and higher spatial resolution over other shapes [32] . The "compliance" method is frequently used to calculate hardness (H) and elastic modulus (E), relying on a number of theoretical models that assume a solely elastic behavior of the material during unloading (while deformation during loading is assumed to be both elastic and plastic). The Oliver and Pharr (OP) method is the most widely accepted nowadays [33] .
Especially for elastic-plastic materials with limited pile-up (e.g., biopolymers), the OP method has been demonstrated to work better than other approaches for data treatment, becoming a primary technique for the mechanical investigation of thin films and small structural features [34] . For this reason, the OP method is integrated in the software-assisted procedure of most instrumental DSI equipment.
A cross-section of an indentation along with the parameters used in the OP theory is shown in Fig. 1b . According to the power law method [32] , the upper portion of the unloading curve can be described by a power law relationship:
where P is the test load, h max is the maximum indentation depth at the maximum loading (P max ), h f is the permanent (or residual) indentation depth after the removal of the test force (plastic displacement), α is a constant, and m is a power law fitting constant related to material characteristics. For Berkovich identers, m generally varies from 1.25 to 1.51. Note that the difference h maxh f represents the elastic component of the displacement, i.e., the amount of displacement that is recovered by the material upon unloading (E rec , Fig. 1b ). h f , α, and m are unknown quantities that can be determined by an initial second-degree fitting followed by an iterative procedure based on a least squares approach [3] . The slope of the initial (upper 10% to 50% of P max ) unloading curve intersecting the depth axis at h c (see Fig. 1a ) is defined as stiffness (S):
The analysis of the first portion of the unloading part of the "load vs. displacement" curve can be used to calculate the reduced modulus (E r ), as defined by the following equation:
where the β parameter is a correction factor that, for Berkovich identers, has a value ranging between 1.0226 and 1.085, with 1.05 being the most suitable value for most materials [34] ; A is the projected contact area determined from the indenter tip calibration. For a perfect Berkovich identer,
where h max is the maximum displacement (see Fig. 1a , b) and ε is a geometrical constant related to the shape of the indenter [35] . In particular, ε = 0.72 for conical indenters, whereas it equals 0.75 and 1.00 for the paraboloid of revolution and flat punches, respectively. It is noted that the term (ε P max )/S represents h s in Fig. 1b , namely the displacement of the surface at the perimeter of the contact.
After gathering S and A from the indentation curve, the elastic modulus of the material (E) is derived using the following equation:
where ν and ν i are the Poisson's ratio of the material and the indenter, respectively, whereas E i is the elastic modulus of the indenter. Finally, the hardness (H) of the material can be calculated as:
Of interest is also the calculation of the components of the indentation work. The total mechanical work due to the indentation (W tot ) is composed of two terms, namely the plastic (irreversible) deformation work (W plast ) associated with the first loading part and the elastic (reversible) deformation (W elast ) owing to the removal of the test load (second part of the indentation curve), so that W tot = W plast + W elast (Fig. S1 of Supporting Information). By integrating the loading and unloading curves, it is easy to gather W tot and W plast and, by subtracting the latter from the former, W elast can be eventually determined. The elastic contribution of the total indentation work (η) is then calculated as:
In addition, the creep of a material (C) can be obtained keeping the test loading constant for a defined time span and calculating the change of the indentation depth as follows:
where h 1 is the indentation depth at the start of the pause and h 2 is the indentation depth at the end of the pause.
Experimental

Materials
Pullulan powder (PF-20 grade, Mn ~200 kDa) was purchased from Hayashibara Biochemical Laboratories Inc. (Okayama, Japan). Bindzil ® 15/500 (particle size: 5 nm; polydispersity index:
22.5%; dry matter: 15 wt%; specific surface area: 500 m 2 g -1 at pH = 10.0), Bindzil ® 15/750 hydrolysis according to the method used within our laboratory as described in a previous work [36] .
The main physicochemical characteristics of the CNCs used in this work are fully described in previous papers [36] [37] [38] . One-side corona-treated PET A-410 (JBF RAK LLC, Ras Al Khaimah, United Arab Emirates) 12.0 ± 0.5 μm thick was kindly supplied by Metalvuoto spa (Roncello, Italy).
Methods and characterization
Coating preparation
A pristine pullulan solution (10.0 wt% wet basis), coded as P, was prepared by mixing the pullulan powder in cold water under gentle stirring (500 rpm) for 1 h at room temperature. Pullulancolloidal silica dispersions were prepared by addition of an aliquot of the raw CS water dispersion in the pullulan solution so that a final CS concentration of 3 wt% (wet basis on the total weight, i.e., 30 wt% with respect to dry pullulan) was achieved for the three samples (i.e., P-CS 15/500 , P-CS 15/750 , and P-CS 2034 ). In the same way, an aliquot of a freshly prepared CNC water dispersion was added to the pullulan solution to obtain a final CNC concentration of 0.3 wt% (wet basis on the total weight, i.e., 3.6 wt% with respect to dry pullulan) for the sample P-CNC. After mixing for 24 h at 500 rpm and 25 °C, all the formulations were left to rest for an additional 24 h before coating deposition.
Milli-Q water (18.3 MΩ·cm) was used throughout the experiments.
Coating deposition
The Co., Ltd., Daejeon, South Korea) under dry conditions for an additional two weeks before analyses.
Indentation test
The nanoindentation test was performed with a PB1000 Nanovea Mechanical Tester equipped with a Nano Module (Nanovea, Irvine, CA, USA). The use of the advanced Nano Module allowed us to apply very low target loads, in the range of [40 µN -400 mN], using a piezo driver while monitoring the load with an independent load cell and fine recording the position of the indenter inside the material with an independent capacitive depth sensor. A multichannel 24-bit acquisition card controlled every sensor and actuator. The samples were glued on sample holders and let dry for 30 minutes before testing in the environment enclosure of the instrument at 23 °C and 40% RH. For soft, thin film, it is important to apply very low loads and be able to monitor the position while applying, holding, and unapplying the load. To define the parameter of the test, we applied the widely adopted 10% rule [4] . Accordingly, in order to minimize the effect of the substrate properties of the measurement of the film properties, the indentation depth should be no more than To evaluate both the mechanical properties and distribution effects (e.g., the uniformity of the fillers in the polymeric matrix or the presence of surfacing nanoparticles), and taking into account the morphological differences between the fillers, two different test conditions were set, as reported in Table 1 . A reference sample of a pure pullulan film was used in both steps. In step 1, the tests were performed in a matrix of 10×8 indentations with a spacing of 0.3 µm in depth control at the maximum depth of 40 nm. In this way, we made sure that the indentations were reciprocally independent, i.e., the area on each individual indentation cycle was not influenced by the previous cycle. In step 2, because of the larger average size of the fillers, we decided to perform the tests in a matrix of 6×6 indentations with a spacing of 1 µm in load control at a maximum load of 200 µN.
Poisson's ratio of the material (ν) and the indenter (ν i ) were fixed at 0.3 and 0.2, respectively. 
ζ-potential of nanoparticles
Nanocolloidal dispersions were characterized in terms of electrokinetic potential through phase analysis light scattering (PALS) technology using a particle analyzer Litesizer 500 (Anton Paar, Graz, Austria). ζ-potential (mV) and conductivity (mS/cm) of "as-received" nanocolloidal water dispersions were determined at 25.0 ± 0.1 °C by means of a 35 mW diode laser (λ = 658 nm) and at a 15° detection angle.
Statistical analysis
The statistical significance of the differences in films' properties and behavior was determined via one-way analysis of variance using StatgraphicsPlus 4.0 software (STSC, Rockville, MD, USA). The mean values, where appropriate, were separated by a least significant difference (LSD) multiple range test at p < 0.05. It can therefore be concluded that the indentation test is able to discriminate between plastic substrate and coating, provided that an adequate setup is appropriately fixed. More specifically, for indentation loads < 0.2mN and penetration depths < 155 nm, the nanomechanical behavior of the coating is independent from the substrate. Above those values, the influence of the substrate starts to affect the overall measurement, leading to an overestimation of the hardness of the coating.
Results and Discussion
Influence of the plastic substrate
First stepsize effect
In the first step of the experiment, we compared the pristine pullulan coating and the bionanocomposite coatings P-CS 15/500 and P-CS 15/750 in order to test the capability of the nanoindentation approach to i) detect differences arising from the addition of the silica nanoparticles in the main biopolymer phase and ii) discriminate between nanoparticles of the same shape but different size and surface area (4 and 5 nm, with 500 and 750 m 2 /g, respectively). The "load-penetration depth" curves of samples P, P-CS 15/500 , and P-CS 15/750 are displayed in Fig. S2 of Supporting Information. From these curves, which are typical of elastic-plastic modes of deformation, both E (GPa) and H (MPa) parameters were calculated for the three coating samples, as reported in Table 3 . There was a significant difference between the three samples as far as both E and H are concerned. In particular, sample P exhibited the lowest hardness and elastic modulus values, while sample P-CS 15/500 showed the highest elastic modulus and sample P-CS 15/750 showed the highest hardness. This was reflected in the final total work induced by the indentation on the samples' surfaces ( Fig. 3a) , with W tot equal to 0.228 ± 0.014 pJ, 0.284 ± 0.016 pJ, and 0.314 ± 0.020 pJ for samples P, P-CS 15/500 , and P-CS 15/750 , respectively. It is interesting to note that the elastic part of the indentation work (η) scaled proportionally with W tot values (Fig. 3b) , accounting for ~ 27%, ~ 31%, and ~ 34% of the total work for samples P, P-CS 15/500 , and P-CS 15/750 , respectively.
For a better interpretation of these results, we have generated the 3D plots of H distribution on a representative surface of 2.70×2.10 μm 2 for the three samples ( Fig. 4 ). There is an obvious difference between the bare pullulan coating on one hand and the two nanocomposite coatings on the other hand, the former having a more even (besides lower) hardness distribution compared to (Fig. 4, center) revealed a more homogeneous distribution of the nanoparticles compared with sample P-CS 15/750 (Fig. 4, right) , which exhibited a more spiked pattern. Apparently, the addition of smaller particles with higher surface area drove the formation of larger domains separated from the main biopolymer matrix. The extensive clustering observed for sample P-CS 15/750 is therefore suggested to explain its higher hardness values. These results confirm previous findings on the effect of CS nanoparticles loaded in fossil-based polymer matrices [5] . Overall, the reinforcing effect of CS nanoparticles observed in this work is within the same order of magnitude as the values recorded for both thermoset (e.g., epoxy and polyacrylates) and thermoplastic matrices. As far as the latter are concerned, Bhattacharya and Chaudhry fabricated biocompatible nanocomposites made of silica-reinforced poly (vinyl alcohol (PVA) [39] , to which pullulan has been approached for many different physicochemical properties [40] . The highest indentation modulus of 8.1 GPa was in line with the P-CS samples tested in this study. However, this value was obtained for the nanocomposite with 54.6 wt% nanosilica, whereas E for the nanocomposite with 28.1 wt% silica (i.e., a concentration similar to that used in this study) decreased to 3.4 GPa. This difference can be first explained considering the very low E value (0.3 GPa) found for the neat polymer (PVA) compared with the pristine pullulan coating tested here (~ 6.3 GPa). In addition, the authors used 80 nm average diameter silica nanoparticles and poly(allylamine hydrochloride) (PAH) as a counter ion of the negatively charged silica nanoparticles to prevent their aggregation.
Second stepshape effect
In the second part of our investigation, we carried out a series of experiments to compare the impact of rod-like and spherical nanoparticles (cellulose nanocrystals and colloidal silica, respectively) on the main pullulan phase. The E and H values extrapolated from the "loaddisplacement" indentation curves for the three different coatings are reported in Table 3 . There was a significant difference between the three samples with regard to the H parameter. While the bare pullulan coating (sample P) was the softer one, the addition of spherical nanoparticles (sample P-CS 2034 ) apparently had a greater effect on the surface hardness compared to the cellulose nanowhiskers (sample P-CNC). However, the same conclusion cannot be drawn for the E parameter because the addition of colloidal silica did not result in any apparent improvement compared with both the bare pullulan coating and the coating loaded with CNCs. Conversely, the P-CNC coating exhibited E values significantly higher than P, reflecting the high elastic modulus of CNCs (the average value being around 130 GPa) [41] , which is one of the most attractive mechanical features of these nanoparticles [42] . We have explained these results in terms of the different distribution of the NBBs within the main biopolymer matrix. Regarding to this scope, we have generated 2D maps of the three parameters quantified within this second step of the investigation-namely, elastic modulus, hardness, and creep-on representative 6 × 6 μm 2 surfaces for the three samples ( Fig. 5 ).
If we look at the maps of H, which better reflects the local distribution of the individual phases (i.e., biopolymer and NBBs), we can notice the well-defined "two-color" pattern for sample P- This behavior, which was not observed for the colloidal silica nanoparticles used in the first step of this work, was detected throughout the indentation experiments on the P-CS 2034 surface. This apparent discrepancy between CS types, besides the size effect of the starting spherical particles, can be plausibly explained in terms of surface chemistry. While CS 15/500 and CS 15/750 are anionic nanoparticles (i.e., the net negative charge can play a role in preventing cluster formation, or aggregation), CS 2034 are zero-charge nanoparticles (i.e., particle aggregation by, e.g., hydrogen
bonding is favored). More specifically, the measured ζ-potential of the CS 15/500 and CS 15/750 colloidal dispersions was -45.9 ± 1.1 mV and -15.2 ± 0.7 mV, whereas the ζ-potential of the CS 2034 sample was -1.8 ± 0.3 mV (see Fig. S3 ). The different electric behavior of the three colloidal silica nanoparticles is also confirmed by the conductivity values, which were equal to 4.417 mS/cm, 7.010 mS/cm, and 0.599 mS/cm according to the light scattering experiments. This would explain a co-continuous structure with that of pullulan for CS 15 gives rise to a data cloud shifted to higher values for both E and H (7.70 ± 0.65 GPa and 410 ± 58.55 MPa, respectively).
A different scenario was disclosed as far as the C parameter is concerned. The average creep value (i.e., the indentation depth calculated after applying a load of ~195 μN) is significantly lower for the coating P-CS 2034 (16.5 ± 1.85 nm) compared with the coating surfaces P (21.07 ± 2.46 nm) and P-CNC (21.33 ± 3.90), irrespective of the specific zone of the indented areas ( Fig. 7) . This is confirmed by the creep map of the sample P-CS 2034 in Fig. 5 (line c, right column), where a homogeneously colored violet surface can be detected. These results can be explained considering the maximum load of 200 μN set for the second step of the analysis. This means that C can be affected by the z-axis distribution of the NBBs. Because of morphology effects (geometry and dimensions), it is plausible that CS nanoparticles fell into the pullulan matrix to a higher extent than CNCs, which would explain the lower sensitivity of the P-CS 2034 coating to compressive stresses.
These observations support the idea that the C value relies more on a mean distribution of the nanoparticles at a microscale, rather than on local gradients, which instead was observed for both E and H. Therefore, the addition of CS nanoparticles, although not homogeneously dispersed in the main biopolymer matrix, yielded a more cohesive surface, while CNCs did not result in any significant difference in terms of creep as compared with the pristine pullulan coating surface.
This can be ascribed to the lower effective surface area of CNCs than of CS nanoparticles, as pointed out by Brinkmann et al. [43] . The surface area of CNCs dispersed in water can be a few hundred m 2 /g, the variability depending on the size distribution of the crystals; for example, the expected surface area range for particles with average lengths and cross sections of 100-200 nm and 4-5 nm, respectively, can be estimated to be between 400 and 500 m 2 /g. In reality, the surface area dramatically decreases (up to even two orders of magnitude lower) for dry aggregated CNCs, as demonstrated by Olsson et al. for dry bacterial nanocellulose (surface area ~ 100 m 2 /g) [44] . The solvent removal during the preparation of thin films and coatings (as in this work) promotes the formation of aggregates or agglomerates with a very small accessible surface area, which in turn would affect the interaction at the interface with the main polymer matrix (e.g., pullulan molecular chains in this work).
Conclusions
As confirmed by recent works [see ref . 6] , nanoindentation is a versatile instrumental approach for in-depth mechanical characterization of a material's surface at the local level, i.e., at the nanometer scale. The rising interest in biopolymer systems has prompted scientists to expand the use of this technique beyond conventional applications on fossil-based materials.
Nanoindentation, in particular, is increasingly used in the field of bionanocomposite materials, for which understanding the interface/interphase nature is crucial in order to fully exploit the size effect of the nanoparticles with the ultimate goal of improving the final performance of the biopolymer phase. However, according to the literature, the information on the use of nanoindentation for bionanocomposite materials pertains almost exclusively to stand-alone films [45] [46] [47] [48] [49] [50] . In practice, today's market applications (e.g., displays, photovoltaic cells, and packaging materials) employ biopolymer nanocomposites in the form of thin films and coatings laid on a supporting substrates, in most cases flexible materials such as plastics [14] . Duan et al. dealt with nanoindentation experiments on thin biopolymer composites, but they focused primarily on the development of analytical models to study how the elastic modulus changes with the penetration for simple composite materials [51] .
In this work, we used nanoindentation to gather nanomechanical information of biopolymer nanocomposite coatings deposited on a plastic film. First, we provided evidence that the substrate's 
Figure captions
